The plasma membrane (PM) contains redox enzymes that provide electrons for energy metabolism and recycling of antioxidants such as coenzyme Q and ␣-tocopherol. Brain aging and neurodegenerative disorders involve impaired energy metabolism and oxidative damage, but the involvement of the PM redox system (PMRS) in these processes is unknown. Caloric restriction (CR), a manipulation that protects the brain against aging and disease, increased activities of PMRS enzymes (NADH-ascorbate free radical reductase, NADH-quinone oxidoreductase 1, NADH-ferrocyanide reductase, NADH-coenzyme Q10 reductase, and NADH-cytochrome c reductase) and antioxidant levels (␣-tocopherol and coenzyme Q10) in brain PM during aging. Age-related increases in PM lipid peroxidation, protein carbonyls, and nitrotyrosine were attenuated by CR, levels of PMRS enzyme activities were higher, and markers of oxidative stress were lower in cultured neuronal cells treated with CR serum compared with those treated with ad libitum serum. These findings suggest important roles for the PMRS in protecting brain cells against age-related increases in oxidative and metabolic stress.
A
ging is a complex process involving progressive and deleterious changes in cell functions that are believed to result, in part, from the production of reactive oxygen species resulting in cell senescence, dysfunction, and/or death (1) (2) (3) (4) (5) . The oxidative and metabolic alterations that occur during aging increase the vulnerability of cells and organ systems to various diseases including cancers, cardiovascular disease, and neurodegenerative disorders (6) (7) (8) . The aging process (9) and disease pathogenesis (10, 11) can be retarded by dietary calorie (energy) restriction (CR). CR has been shown to lower the rate of production of free radicals by mitochondria and to protect cells against oxidative stress (12) (13) (14) (15) (16) (17) , a mechanism consistent with the free radical theory of aging. CR can attenuate age-related deficits in brain function and can protect neurons against dysfunction and death in animal models of Alzheimer's disease, Parkinson's disease, Huntington's disease, and stroke (11, (18) (19) (20) (21) (22) . The mechanisms by which CR protects brain cells during aging are unknown but may involve induction of the expression of neurotrophic factors (20, 23) , protein chaperones (22) , and mitochondrial uncoupling proteins (24) .
The plasma membrane (PM) regulates numerous aspects of cell physiology and signaling and also protects cells against oxidative stress. Analogous to the mitochondrial inner membrane, the PM contains enzymes involved in electron transport and energy metabolism ( Fig. 1) (25) . Cells respond to oxidative stress by transferring electrons from NAD(P)H and ascorbate to extracellular free radicals and/or oxidants (26, 27) . Coenzyme Q10 (CoQ), a key molecule in the PM redox system (PMRS), can be reduced at the PM by either NAD(P)H-quinone oxidoreductase 1 (NQO1) (28) or NADH-cytochrome b5 reductase (b5R) (29) . NQO1 is a NAD(P)H-dependent reductase that is translocated to the inner surface of the PM under stress conditions (30) . Dietary CoQ is important in maintaining levels of reduced CoQ and ␣-tocopherol in the PM, thereby protecting the PM from lipid peroxidation (31) . In the present study the effects of aging and CR on the brain PMRS and PM-associated oxidative stress were investigated in rats. In addition, an in vitro model of CR in which brain cells were incubated in medium containing serum from animals fed ad libitum (AL) or CR diets (32) was used to elucidate humoral and cellular responses of neural cells to CR.
Results

CR Increases PM Antioxidant Levels.
After the two-phase partition process, the PM fractions were immunoreactive against a PMspecific Na ϩ /K ϩ -ATPase ␣-subunit antibody, whereas cytochrome c oxidase (mitochondrial protein) and ribophorin (endoplasmic reticulum protein) were not detected [supporting information (SI) Fig. 6A ]. The Na ϩ /K ϩ -ATPase was prominent in the fractions isolated from SH-SY5Y cells, whereas ribophorin and cytochrome c oxidase were not detected (SI Fig. 6B ).
Levels of PM ␣-tocopherol declined with age but were maintained by CR ( Fig. 2A) . Levels of CoQ also tended to decrease with age, although the change was not statistically significant (Fig. 2C) . However, the levels of CoQ were significantly increased by CR. When cultured neuronal cells were treated with serum from CR rats, levels of ␣-tocopherol (Fig. 2B) and CoQ (Fig. 2D ) in the PMs were significantly increased compared with neuronal cells treated with serum from AL rats.
CR Elevates Activities of Multiple PM Redox Enzymes. In AL-fed rats NADH-ascorbate free radical (NADH-AFR) reductase activity, which is mainly due to b5R, decreased with age resulting in a significant reduction in 24-month-old rats (Fig. 3A) . In contrast, CR resulted in an increase in NADH-AFR reductase activity that was significant at 18 months and reached a level approximately three times higher than in AL brains at 24 months (Fig. 3A) . Dicoumarolsensitive PM-associated NQO1 activity increased with age in rats maintained on CR, whereas there was no age-related change in PM NQO1 activity in brains from rats fed AL (Fig. 3C) . The difference in NQO1 activity between the AL and CR groups became signif- icant at 18 months. Immunoblot analysis showed that levels of NADH-AFR reductase and NQO1 proteins were increased during aging in PMs from the brains of CR rats compared with AL rats (Fig. 3 A and C) .
To determine whether the in vitro model of CR would reproduce the above results, cells were incubated with serum from either AL or CR rats. PM isolated from CR serum-treated cells displayed a 3-fold elevation of NADH-AFR reductase activity and a 2.5-fold increase in NQO1 activity compared with PM fractions isolated from AL serum-treated cells ( Fig. 3 B and D) . Levels of NADH-AFR reductase and NQO1 proteins were greater in membranes from cultured cells treated with CR serum compared with those treated with AL serum (Fig. 3 B and D) .
The activities of the PMRS enzymes NADH-ferricyanide (FeCN) reductase, NADH-CoQ reductase, and NADH-cytochrome c oxidoreductase were also significantly elevated in PMs from the brains of CR rats at 18 and 24 months compared with PMs from AL fed rats (Fig. 4 A, C, and E) and were also significantly increased in the PMs of CR serum-treated neuronal cells compared with AL serum-treated cells (Fig. 4 B, D, and F). Therefore, CR elicits a coordinated increase in the PMRS of neural cells.
CR Suppresses Age-Related Increases in Markers of PM Oxidative
Stress. The levels of 8-isoprostane in PM, a marker for lipid peroxidation (33), were increased significantly at 18 and 24 months in AL fed rats whereas they decreased in the CR rats (Fig. 5A ). Protein carbonyl levels, a biomarker of protein oxidation (34) , were increased during aging in PM from AL rat brains, but not in PM from CR rat brains (Fig. 5C ). Peroxynitrite (ONOO Ϫ ) and other reactive nitrogen species are believed to play a role in brain aging and the pathogenesis of neurodegenerative disorders (35, 36) . Levels of nitrotyrosine, a marker of reactive nitrogen species activity, were not increased with age in the PM from the brains of CR rats, whereas they were significantly elevated with age in AL rat brain PM (Fig. 5D ). In the in vitro model of CR, levels of 8-isoprostane, protein carbonyls, and nitrotyrosine were significantly lower in cultures treated with CR serum compared with those treated with AL serum (Fig. 5 B, D, and F) .
Discussion
The PM plays fundamental roles in regulating cellular ion homeostasis, nutrient transport, cell adhesion, and signal transduction. The proteins and lipids involved in these functions of the PM are susceptible to oxidative modifications that may contribute to the dysfunction and degeneration of neurons that occur in aging and neurodegenerative disorders (37) . For example, lipid peroxidation and oxidative modifications of PM ion-motive ATPases, glucose transporters, and G protein-coupled receptor signaling are implicated in the pathogenesis of Alzheimer's disease (38) (39) (40) . The PMRS, which includes CoQ and multiple redox enzymes (Fig. 1) , is increasingly recognized as a major Fig. 1 . Key components of the PMRS. Diverse antioxidants protect the cell under stress conditions, including ascorbate at the hydrophilic cell surface and both CoQ and ␣-tocopherol in the hydrophobic phospholipid bilayer. Both NADH-b5R reductase and NQO1 act at the PM to reduce CoQ. These two enzymes contribute to the PMRS, providing the electrons that are required to maintain its antioxidant properties. NADH-AFR reductase, a trans-oriented activity shows a strong dependency on the CoQ status of the PM, and NQO1 also contribute to the PMRS and are responsive to oxidative stress and aging (29, 58) . mechanism for reducing PM-associated oxidative stress and, in compensating for mitochondrial dysfunction, as an alternative source of ATP production by increasing NAD levels and glycolysis (28, 29) . The biochemical characteristics of this system, mainly the dependence on intracellular NADH and CoQ as an electron transfer intermediary, sets it apart from the NOX 1-5 family of enzymes (41) . We found that multiple enzymes of the PMRS are up-regulated in the brain in response to CR and that these changes in the PMRS were associated with decreased markers of oxidative stress and increased levels of CoQ and ␣-tocopherol. Our findings suggest that that enhancement of the PMRS is a mechanism by which CR may counteract mitochondrial dysfunction and oxidative stress in the brain during aging. In light of previous results demonstrating links among cellular energy metabolism, sirtuin activity, and aging (42, 43) , our data suggest that the NAD ϩ /NADH ratio and incorporation of CoQ into the PMs can be increased by CR, which would be expected to increase SIRT1 activity and attenuate the accumulation of damaged proteins during aging. Because the PM prepared from the brain represent a mixture of neuronal and glial PM, the relative effects of CR on the PMRS of these different cell types remain to be determined. However, we found that exposure of cultured neuronal cells to a ''CR environment'' results in changes in PMRS enzymes similar to those seen in animals maintained on CR in vivo, suggesting an effect of CR on the neuronal PMRS.
Previous studies have shown that CR has global anti-aging effects on cells and tissues throughout the body that involve lower levels of oxidative stress and increased expression of stress resistance proteins such as HSP-70 (22) . Numerous changes in blood chemistry have also been documented in animals and humans maintained on CR including decreased levels of insulin, glucose, triglycerides, and markers of oxidative stress (44) . We previously reported that when cultured cells are incubated in serum from CR animals they exhibit increased resistance to oxidative stress, which was associated with up-regulation of the expression of HSP-70 compared with cells incubated in serum from AL animals (32) . The latter study provided evidence that reduced levels of insulin and IGF-1 in CR serum contribute to the anti-aging stress-resistant phenotype, consistent with the insulin signaling hypothesis of aging (45) . In the present study we found that incubation of neuronal cells in serum from CR animals resulted in the up-regulation of multiple PMRS enzymes and reduced levels of markers of oxidative stress. These findings suggest that the PMRS is regulated by a pathway or pathways that play a fundamental role in aging. The insulin signaling pathway is one potential regulator of the PMRS. Another possibility is that the up-regulation of the PRMS is secondary to a primary effect of CR on energy metabolism. Indeed, it was recently reported that CR results in an increase in the expression of the mitochondrial uncoupling protein UCP4, resulting in decreased mitochondrial ATP and reactive oxygen species production (24) , an effect of CR that would be expected to up-regulate the PMRS (46) .
The PMRS is stimulated when mitochondrial function is impaired (47) (48) (49) (50) . Considerable evidence suggests that during normal aging mitochondrial function declines in neurons in the brain, as indicated by decreased levels of activity of mitochondrial metabolic enzymes (51, 52) . We found that PMRS enzyme activities were maintained in brain cells during aging suggesting that, in contrast to mitochondrial redox systems, the PM is not compromised. However, there was no adaptive compensatory up-regulation of the PMRS during aging in rats fed AL. Nevertheless, the PMRS was capable of responding to an environmental condition (CR) that preserves brain function during aging. Previous studies have shown that neurons in the brains of rats and mice maintained on CR regimens are relatively resistant to oxidative and metabolic stress compared with control animals fed AL in models of Alzheimer's disease, Parkinson's disease, Huntington's disease, and stroke (18, 19, 22, 53) . The mechanism by which CR protects neurons against oxidative injury is unknown. Our findings suggest that CR may protect neurons, in part, by enhancing PMRS enzyme activities resulting in decreased levels of reactive oxygen species-mediated damage to membrane lipids and proteins.
Materials and Methods
Animals and Dietary Manipulation. Male Fischer-344 (F344) rats were fed AL or maintained on a 40% CR regimen beginning at 1 month of age as described (13) . The AL diet consisted of NIH-31 standard diet, and the CR diet was a vitamin-and mineral-fortified version of the same diet at a level 40% less (by weight) than the average AL consumption.
Cell Culture. Human SH-SY5Y neuroblastoma cells (54) were purchased from American Type Culture Collection (Manassas, VA) and maintained in 175-cm 2 tissue culture flasks (Nalge Nunc International, Rochester, NY) containing DMEM (Invitrogen, Carlsbad, CA) supplemented 10% with serum from AL-or CR-fed rats, 100 g/ml penicillin, and 100 g/ml streptomycin (Invitrogen). Cells were maintained at 37°C under a humidified 5% CO 2 and 95% O 2 air atmosphere. AL and CR sera were prepared as described previously (32) .
Isolation and Characterization of PM Fractions. PMs from brain tissue or cultured cells were isolated by using a two-phase partition as described (13) . Immunoblotting and enzyme activity assays using markers for PMs, mitochondria, and ER were performed to establish the purity of the isolated fractions as described (13) . For immunoblotting, anti-Na ϩ /K ϩ -ATPase ␣-subunit monoclonal antibody (1:1,000 dilution; Affinity BioReagents, Golden, CO), anti-cytochrome c oxidase subunit I monoclonal antibody (1:1,000 dilution; Molecular Probes, Eugene, OR), and anti-ribophorin I antibody (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) were used.
Measurement of PM CoQ and ␣-Tocopherol Levels. CoQ and ␣-tocopherol levels were assessed as described (32) . Briefly, lipid fractions were extracted from the isolated PMs by using hexane or NaOH and then analyzed by HPLC with a reverse-phase C 18 column (25 cm ϫ 5 mm, 5-mm particle size; Supelco, Bellefonte, PA) and quantified by comparing integration of peak area with internal standards.
PMRS Enzyme Activities. NADH-AFR reductase and NQO1 activities were determined in vitro by using different electron donors as described (13) . Immunoblot analysis was carried out by using antibodies against b5R (1:1,000 dilution; obtained from J. M. Villalba, University of Cordoba, Cordoba, Spain) (29) and NQO1 (1:1,000 dilution; gift from D. Ross, University of Colorado, Denver, CO) (55) .
Activities of NADH-FeCN reductase, NADH-CoQ reductase, and NADH-cytochrome c oxidoreductase were examined in a buffer containing 50 mM Tris⅐HCl (pH 7.6), 0.2 mM NADH, and electron donors (0.1 mM potassium FeCN, 0.2 mM CoQ, or 20 M cytochrome c). The reaction was started after the addition of NADH and followed by measuring changes in absorbance at 420 nm (for NADH-FeCN and NADH-CoQ reductase) or 550 nm (NADH-cytochrome c oxidoreductase). The extinction coefficients used for the specific activity calculation were 1 (NADH-FeCN reductase), 0.7 (NADH-CoQ reductase), and 29.5 (NADHcytochrome c oxidoreductase) mM Ϫ1 ⅐cm Ϫ1 . n ϭ 4 (rat brains) or 6 (SH-SY5Y cells). * , P Ͻ 0.01 compared with the value for 6-month-old rats; #, P Ͻ 0.01 compared with the AL value for the same age group; ٙ, P Ͻ 0.01 compared with the value for cells cultured with AL serum.
Markers of Oxidative Stress. Lipid peroxidation levels were assessed by using the 8-Isoprostane assay kit (OxisResearch, Portland, OR). Briefly, PM fractions (100 l) were added to a 96-well plate and incubated with 100 l of horseradish peroxidase-conjugated antibody at room temperature for 1 h, 200 l of substrate was added to the plate, and it was incubated for 30 min. Absorbance was read at 450 nm after stopping the reaction by 50 l of 3 M sulfuric acid. Protein carbonyl content was determined as described (56) , except that the final PM protein pellets were dissolved in 1 ml of 6 M guanidinium hydrochloride. Carbonyl content was calculated as nmol/mg of protein (57) . Measurement of protein-bound nitrotyrosine content of isolated PM was performed by using the Nitrotyrosine Assay Kit (OxisResearch). 
